A micro particle image velocimetry has been performed to investigate tumble enhanced flow characteristics near piston top surface of a motored internal combustion engine for three inlet valve open timing (-30, -15, 0 crank angle degrees). Particle image velocimetry was conducted at 340, 350 and 360 crank angle degrees of the end of the compression stroke at the constant motored speed of 2000 r/min. The measurement region was 3.2 mm 3 1.5 mm on the piston top including central axis of the cylinder. The spatial resolution of particle image velocimetry in the wall-normal direction was 75 mm and the vector spacing was 37.5 mm. The first velocity vector is located about 60 mm from the piston top surface. The micro particle image velocimetry measurements revealed that the ensemble-averaged flow near the piston top is not close to the turbulent boundary layer and rather has tendency of the Blasius theorem, whereas fluctuation rootmean-square velocity near the wall is not low. This result shows that revision of a wall heat transfer model based on an assumption of the proper characteristics of flow field near the piston top is required for more accurate prediction of heat flux in gasoline engines.
Introduction
To develop higher efficiency and lower emission gasoline engines, low temperature combustion under high exhaust gas recirculation (EGR) rate is a promising combustion strategy. 1 In Japan, the Cross-ministerial Strategic Innovation Promotion Program (SIP), with extensive support of automotive companies, has been leading research and development of spark ignition (SI) internal combustion (IC) engines to push further the use of these combustion techniques. The targeted thermochemical condition is characterized by relatively high compression ratio, low equivalence ratio, high EGR rate. However, in these conditions, laminar burning velocity significantly decreases, and hence, a higher Reynolds number condition is desired to be introduced to make turbulent burning velocity greater. It is believed that enhancement of tumble flow in the engine cylinder is effective for increase of turbulence intensity, resulting in improvement of characteristics of flame propagation and ignition under a strong discharge, while the enhancement of tumble flow might cause larger heat loss from the wall. Characteristics of wall heat transfer strongly rely on the velocity and thermal boundary layers, whereas investigations of characteristics of turbulence and distributions of wall and gas temperature in engine cylinders are still challenging due to transient and high pressure.
Laser diagnostics such as laser Doppler velocimetry (LDV), particle image velocimetry (PIV) and planar laser induced fluorescence (PLIF) are critical to provide information on near-wall flow field and species distributions, which can contribute to improvement of engine performance. 1 Structures of velocity boundary layer have been first investigated by LDV by Hall and Bracco, 2 while the measurement point was not close enough to get insights into the boundary layers. Following LDV measurements were conducted with high spatial resolution of about 50-60 mm, 3, 4 and the exact turbulent boundary layers were not shown to exist during the compression stroke. 4 The micro PIV for velocity boundary layer in engine cylinders was first conducted by Alharbi and Sick. 5 The spatial resolutions of micro PIV were about 90 mm and vector spacing was 45 mm, and boundary layer near an engine head wall of a direct injection engine was measured at the engine speed of 800 r/min and the compression ratio of 9:1. More recently, micro PIV measurements were conducted in an engine cylinder at up to 1100 r/min and compression ratio of 11:1 for 180-330 crank angle degrees (CAD) with spatial resolution of about 100 mm and vector spacing of 50 mm and the characteristics of velocity boundary layer around a cylinder head were investigated. 6 The study showed that the log-law does not properly present the measured velocity distributions near the wall. The following study by Ma et al. 7 has proposed a non-equilibrium differential wall model and evaluated it in the comparison with the widely used wall equilibrium wall-function models, concluding the effectiveness of the proposed model for the prediction of the boundary layer structure near the cylinder head. However, in these studies, the examined engine speeds were up to around 1000 r/ min and velocity of the outer flow was around 2 m/s, which depends on the characteristics of bulk tumble flow and engine geometry. Flow field in engine cylinder can be discussed also using simple compression machines. Tumble flow motion obtained from phase averaged flow fields showed that the wall shear flow and separated regions due to tumble flow in a compression stroke cause turbulence transition, 8 whereas the characteristics of boundary layers were not investigated due to low spatial resolution of PIV.
Recently, direct numerical simulation (DNS) on flow field of an axisymmetric engine-like geometry with a single intake valve was conducted by Schmitt, 9 and characteristics of flow field in a compression and expansion were investigated. The DNS provided detailed information on near-wall turbulence and wall heat transfer characteristics, while more experimental data on near-wall flow fields are still required for development of turbulence model and improvement of engine performance. Furthermore, to gain strategy to increase thermal efficiency by reducing heat loss from walls, characteristics of flow fields near the piston top at relatively high engine speed are also desired to be investigated.
In this study, a micro PIV was conducted in a motored engine cylinder to investigate velocity boundary layer characteristics near piston top before the top dead center (TDC) at a constant engine speed of 2000 r/min to deepen understanding characteristics of velocity boundary layer in engine cylinder with tumble flow. This study is the first investigation on the velocity boundary layer near the piston top as far as the authors know. In the ''Experimental setup'' section, an optical SI engine and micro PIV are described. The results obtained are shown in the following section, which is concluded in the ''Conclusion'' section.
Experimental setup

Optical SI engine
Based on a SI engine developed for ultra-lean combustion in SIP, an optical SI engine used in this study was made. The details of the engine were described in Jung et al., 10 and here some specifications are introduced briefly. The bore is 75 mm and the stroke is 112.5 mm. Length of the connecting rod is 250 mm. The engine has two intake valves of the diameter of 29 mm and two exhaust valves of the diameter of 25 mm. The compression ratio is 13.0:1. The optical access can be achieved through the quartz glass cylinder and piston. A tumble enhancing intake port is used for the sake of improvement of ignition and flame propagation. The engine speed can be set up to 2000 r/min at the maximum. 
Micro PIV setup
In the previous studies, 5, 6 micro PIV measurements were conducted at high repetition rate, while in this study, the low repetition rate micro PIV was used to investigate velocity boundary layers. This is because the greater laser pulse energy and better laser quality can be easily obtained and consequently, detectors with smaller pixel size can be used, which are important to achieve higher spatial resolutions of PIV. Figure 2 shows a schematic of the micro PIV measurement system. The laser beams from two Nd:YAG lasers (LOTIS, LS-2131, 150 mJ/pulse, 532 nm) were led to the same optical axis by a mirror and a polarizing beam splitter. The laser beam sheet was formed by a set of concave and convex cylindrical lens for adjusting the laser sheet width and a convex cylindrical lens for changing the laser sheet thickness. The formed laser sheet was led into the engine cylinder from the side wall. The scattering light was collected by a long distance microscope lens (Questar, QM-100) and imaged onto a CCD camera (Princeton Technology, ES4020, 2048 pixel 3 2048 pixel). To compensate for the difference in the focal length caused by the quartz engine liner, a cylindrical lens of 1000 mm focal length was placed in front of the liner. In addition, an iris was placed in front of the long distance microscope lens to enable us to adjust f number. SiO 2 particles of 1 mm mean diameter was used for the PIV tracer particle. The micro PIV used in this study was operated at about 4 Hz to be synchronized with the engine speed. The time separation of the successive particle images was 1.5 ms through the whole experiments.
The field of view of the micro PIV was 3.2 mm 3 1.5 mm on the piston top including central axis of the cylinder. The camera height was aligned so that the surface of the piston top can be seen in the half height of the full CCD resolution. The spatial resolution of PIV, which is defined by the size of interrogation region, was 150 mm 3 75 mm in wall-tangential and wall-normal directions, respectively. Vector spacing was 75 mm 3 37.5 mm. The first vector position was about 56 mm away from the wall to avoid intense laser light scattering from the piston top surface. The laser sheet thicknesses were 160 mm at the center of the measurement region, while they were about 200 mm at the edge of the measurement region. The measurements were conducted at 340, 350 and 360 CAD, where 360 CAD corresponds to the TDC of the compression stroke as mentioned above. The engine was motored at 2000 r/ min, which is a standard operation in the research project of SIP, and operated for three intake valve open timings (t IVO ) of 230, 215 and 0 CAD. The timings of intake valve closing, exhaust valve opening and closing were fixed to 80, 526 and 750 CAD, respectively.
Characteristics of velocity boundary layer
The ensemble-averaged velocity distributions were obtained from 1000 realizations. Figure 3 shows ensemble-averaged velocity distributions in walltangential and wall-normal directions at 340, 350 and 360 CAD and different intake valve open timings. Velocities in the wall-tangential and wall-normal directions are indicated by u and v, respectively, and v p is the calculated speed of the piston movement. The y-axis is the wall-normal direction with the origin of the wall surface. The wall surface was identified from the position of intense scattered light. In fact, the mean wall position was determined before PIV measurement. However, there was a vibration of piston, which requires identification of the piston top position every cycle. In this study, the piston top position was identified by detecting the laser scattering intensity of the particle attached on the piston top surface. The intensities of scattered light were averaged in the walltangential direction, and the peak in the wall-normal direction was detected. The lasers were led to the cylinder from the side wall, which can suppress the scattering light of particles on piston top surface so as not to see saturation of CCD, and hence the peak detection was possible. Furthermore, the height of the PIV camera was adjusted so that the piston top surface can be seen in the half height of the CCD approximately, which can reduce uncertainty of the wall position due to laser sheet thickness in the identification procedure. Totally, the thickness of the scattering light layer from the particles on the wall was about 50 mm, and the uncertainty of the peak location was estimated to be about 10 mm.
For 340 CAD, the ensemble-averaged wall-tangential velocity reaches to the almost maximum at around 0.4-0.6 mm from the wall. The maximum velocity for the case of t IVO = -30 CAD reached to about 27 m/s, which is significantly large compared with the previous studies. 6, 7 With an increase of the delay of valve open timing and also an increase of the crank angle, the wall-tangential velocity of outer flow decreases and the location showing the maximum wall-tangential velocity tends to be close to the piston top surface: around 0.3-0.5 mm for 350 CAD and 0.2-0.4 mm for 360 CAD. For all of the examined conditions, the ensembleaveraged wall-normal velocity shows a similar value to the calculated piston speed, while slightly small value can be found around 0.1 mm far from the wall for 340 and 350 CAD. This might be caused by decrease of gas temperature near the wall. In this study, velocity distribution in a distance window from piston top to around 0.6 mm is mainly discussed by comparing with the general distributions of turbulent and Blasius boundary layers. Figure 4 shows the wall-tangential ensemble-averaged velocity distributions fitted to the log-law of turbulent boundary layer. Two measured points which has a velocity gradient close to the log-law 11 were used for the fitting. Here the log-law used is Superscript '' + '' shows the wall unit, u t is the friction velocity and n is the kinematic viscosity. Bulk temperature in the engine cylinder was estimated from the instantaneous pressure and cylinder volume under the assumption of adiabatic compression. Viscosity was calculated from Sutherland's law. At 340 CAD, almost all the data points except for those used for the fitting do not match well with the log-law. At 350 and 360 CAD, the velocity profiles do not match well with the log-law fundamentally, which means that the velocity boundary layer cannot be considered to be the general turbulent boundary layer. However, with increase of the CAD, the velocity profiles seem to tend to be close to the log-law, especially for the case of t IVO = 0 CAD, which has a relatively weak tumble flow. The velocity distributions are found to be far from the fully developed turbulent boundary layer. Actually, temperature boundary layer forms near the wall and the temperature difference between the wall and in-cylinder gas becomes larger near the TDC. However, the difference does not affect qualitatively on the above comparison.
Here comparison with a different flow field is considered to be helpful. Figure 5 shows the wall-tangential velocity distributions fitted to the Blasius boundary layer. 11 Here h = ffiffiffiffiffiffiffiffiffiffiffi ffi U=nx p , where x is a distance from a leading edge of a flat plate in the Blasius theorem. The maximum wall-tangential velocity, U, is considered to be the outer flow and distance from the wall, that is x in h, was used for the parameter of the fitting. At 340 CAD, the velocity profiles coincide well with the Blasius theorem, which means that the ensemble-averaged wall-tangential velocity profile has the structure close to the laminar flow. However, with the increase of the crank angle, the velocity profiles do not coincide with that of the Blasius boundary layer. From these results, it can be considered that the velocity boundary layer is in the process of development to the turbulent boundary layer. Figure 6 shows the Reynolds number based on the displacement thickness and the maximum walltangential velocity. The displacement thickness was evaluated by the integral from 0 to the position with the maximum wall-tangential velocity. The Reynolds number was less than 1000 at the largest, which indicates that the velocity boundary layer examined is considered to be difficult to develop to the turbulent boundary layer. However, the Reynolds number for These disparities from the turbulent and laminar boundary layers might be caused partly by the adverse pressure gradient in the compression process with the strong tumble flow. In the previous study by Bore´e et al., 8 it showed that the pressure gradient arise around the TDC. Ma et al. 7 evaluated pressure gradient using velocity data obtained by micro PIV and noticeable adverse pressure gradients were found, whereas characteristics of pressure gradient depend on location. To discuss effects of the cycle-to-cycle variations of mainstream direction in the target area because of fluctuation of tumble core and separated region due to tumble flow on the averaged and RMS velocities, DNS data of turbulent channel flow of Re t = 1295 were utilized. The numerical method of DNS of channel flow can be found in Tanahashi et al. 13 The effect of cycle-to-cycle variation on averaged and RMS velocities was considered by introducing the random rotation of velocity data in wall-normal direction at a specific probability density function (PDF) in the averaging. The PDF was given by a Gaussian function determined by zero mean and the standard deviations (s) of 0°, 15°and 45°, where 0°means the original streamwise direction. The wall-tangential velocities in the normal direction were analyzed with the random rotation based on the PDF. Figure 8 shows the mean and fluctuation RMS velocity profiles. Wall unit was defined by the condition of s = 0. The ensemble-averaged wall-tangential velocity distribution for s = 15°is slightly smaller than the original velocity distributions. The change increases with the increase of s due to the fact that the mean velocity in the spanwise direction is lower than that in the main stream direction. while the velocity profiles are not similar to the experimental results obtained. On the other hand, fluctuation RMS velocity increases with increase of s. Originally, the RMS velocity has a peak at around y + = 15, which can be also found in Figure 7 . The result for s = 15 is similar to that for s = 0 and shows the peak at around y + = 15, while the RMS velocity wholly increases. For the case of s = 45, the RMS velocity is naturally significantly increased and a peak at the near wall cannot be found. These results show a possibility that low ensemble-averaged and high RMS wall-tangential velocities for t IVO = 0 in Figures 4 and  7 are partially caused by large cycle-to-cycle variations due to a weaker tumble flow. However, the ensembleaveraged wall-tangential velocity profiles in Figure 4 are still different from profiles in Figure 8 .
Rapid compression might partly affect the discrepancy of the velocity distributions. Rapid compression in earlier CAD is known to cause acceleration of tumble flow, leading possibility of favorable pressure gradient and consequently decrease of turbulence intensity. Also high engine speed does not give enough time for flow fields to develop to the turbulent boundary layer. These are possible explanations for the velocity distributions in Figures 4 and 5 . Considerations based on the other flow fields such as impinging jet in a confined space are also possible. Impinging jet flow in a confined space generates a recirculating flow, which can be similar to a tumble flow in engine cylinders. DNS of impinging jet in a confined space was conducted by Hattori and Nagano 14 and showed discrepancies from the general turbulent boundary layer. These results obtained in this study and following discussions imply that revision of a wall heat transfer model is required based on an assumption of the proper characteristics of flow field near the piston top to achieve more accurate prediction of heat flux in gasoline engines. In addition, the velocity fields obtained in this study can provide valuable information not only to model the velocity field near wall but also to consider a strategy to gain higher thermal efficiency.
Conclusion
Micro PIV measurements were conducted to investigate characteristics of velocity boundary layer near the piston top surface in a motored IC engine. The engine speed was 2000 r/min and tumble flow was enhanced by an intake port. PIV was conducted at 340, 350 and 360 CAD of the end of the compression stroke. The spatial resolution of PIV was about 75 mm in the wall-normal direction. The micro PIV revealed that the ensembleaveraged flow near the piston top is not close to the turbulent boundary layer and rather has tendency of the Blasius boundary layer, especially at 340 CAD. With increase of crank angle, the ensemble-averaged velocity profile tends to be close to turbulent boundary layer and to get out of the Blasius boundary layer. RMS velocity near the wall shows high values throughout almost all the examined conditions. The large values are considered to be partly caused by the cycle-to-cycle variations of mainstream direction. Nonetheless, the tendency of the velocity fields is considered to be possible from the viewpoints of the shortage of flow time, the laminarization due to the favorable pressure gradient through the compression stroke, existence of strong tumble flow and separated regions due to adverse pressure gradient. To clarify these contributions, more detailed measurements such as simultaneous measurement of high-speed micro stereoscopic PIV and widearea PIV are required, and these are in the future work. Still the results obtained in this study imply that revision of a wall heat transfer model based on an assumption of the proper characteristics of flow field near the piston top is required for more accurate prediction of heat flux in gasoline engines. Furthermore, the results can contribute to development of novel techniques for improvement of wall heat transfer characteristics on the piston top in engine cylinder with strong tumble flow.
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